Saponins are steroidal or terpenoid-based glycosides with surface active properties. A steroidal saponin, CAY-1, with a molecular weight of 1243 35 Da, was isolated and puri ed to homogeneity from commercially available dry, ground fruit of Capsicum frutescens. CAY-1 was shown to be a potent fungicide for the germinating conidia of Aspergillus avus, A. fumigatus, A. parasiticus and A. niger with speciesdependent LD 9 0 values between 3 and 20 m M. Activity against some Aspergillus species was affected by the test medium used. In vitro assays, CAY-1 was effective against Pneumocystis carinii (IC 50 : 9 5 m M) and Candida albicans (IC 9 0 : 6 2 m M). CAY-1 had no effect on the viability of the nongerminating conidia of the two lamentous fungi, P. carinii and C. albicans, nor on the conidial type of Fusarium oxysporum. It was ineffective against the bacteria Enterobacter agglomerans, Bacillus subtilis, Escherichia coli and Staphylococcus aureus. CAY-1 was not cytotoxic to A 549 lung carcinoma cells or HeLa cells at effective fungicidal concentrations. The results indicate that CAY-1 is an effective fungicide for Aspergillus species, C. albicans and P. carinii at concentrations below the threshold for mammalian cell toxicity.
Introduction
The increased number of immunocompromised patients in the past two decades has seen a concomitant rise in the frequency and types of opportunistic fungal infections. This situation, in addition to the emergence of fungal pathogens resistant to available antibiotics and the ongoing problems posed by toxicity or adverse drug interactions, has given impetus to the search for safe, novel and effective antifungal compounds [1] . Given the milieu of microorganisms in the soil, where plants must not only survive, but also thrive, it is no surprise that plants produce a large variety of antimicrobial compounds. Spices from plants have been used for centuries to enhance avor and to retard microbial growth. Capsicum is a plant genus from which several different pepper (i.e. chili, cayenne) spices are obtained. Although the antimicrobial properties of chili peppers have been reported [2] , no antimicrobial compound has been isolated to date from cayenne (C. frutescens). We, therefore, investigated the fungicidal properties of cayenne pepper and sought to isolate and purify fungicidal constituents. This led to the puri cation of a fungicidal saponin, CAY-1 ( Fig. 1) , with antifungal activity against lamentous fungi, Candida albicans and Pneumocystis carinii.
Materials and methods

Extraction, puri®cation and analysis of CAY-1 from pepper
Ground, dry commercial cayenne pepper (C. frutescens) was purchased and stored at 20 o C until needed. A 1% (w/v) solution of potato dextrose broth (PDB; Difco Laboratories, Detroit, MI, USA), used as an extraction buffer and bioassay medium, was prepared, adjusted to pH 6 0 and autoclaved. This buffer was used because it is the bioassay test buffer and therefore any extracted compound would be highly likely to remain in solution during the bioassays. The ground pepper was thoroughly mixed with PDB at a ratio of 1:5 (w/v) and placed in ice for 5 h. The pepper slurry was centrifuged for 10 min at 5000 RCF (relative centrifugal force) at 4 o C and the supernatant removed. This supernatant was then centrifuged at a higher speed (11 500 RCF) for 4 min and the supernatant removed. Next, the supernatant was passed through a 0 45 m m lter (Serum Acrodisc, 37 mm, Pall Gelman, Ann Arbor, MI, USA) and was stored at ¡20 o C until needed. Semipuri cation of the fungicidal compound was performed with solid phase extraction by adding the crude extract to a Waters Oasis HLB extraction cartridge (Waters, Milford, MA, USA) and sequentially eluted with 3 ml of 0, 25, 50, 75 and 100% (v/v) methanol. The eluates were evaporated with N 2 and freeze-dried. Fungicidal activity of each eluate was determined as described below in 1% PDB and found only to occur in the 75% methanol fraction. The fungicidal compound, CAY-1, was puri ed by dissolving the freeze-dried 75% methanol fraction in 1% PDB and fractionating it on a Beckman (Fullerton, CA, USA) High-pressure liquid chromatography (HPLC) equipped with a Jupiter column (Phenominex, Torrance, CA, USA). Because the active fraction was not detected by UV, the presence of the antifungal compound was determined by mass spectrometry and bioassays. The purity, structure and molecular weight of CAY-1 was determined by liquid chromatography-tandem mass spectrometry (MS 5th ) and three nuclear magnetic resonance methods (total correlation spectroscopy, heteronuclear multiple quantum coherence and heteronuclear multiple bond correlation).
Bioassays
Filamentous fungi
Filamentous fungi used in bioassays included Aspergillus avus, A. fumigatus, A. niger, A. parasiticus and Fusarium oxysporum. The fungicidal properties of CAY-1 for the nongerminated and germinating conidia of these fungi were determined separately as described earlier [3, 4] . Bioassays were performed separately in RPMI-1640 broth with glutamine and 0 0165 M MOPS (3-NMorpholinopropanesulfonic acid) but without sodium bicarbonate (BioWhittaker, Walkersville, MD, USA) and 1% PDB to determine whether different media would affect CAY-1 fungicidal properties. Two separate runs were performed in each medium (nˆ8 per medium).
Suspensions of the test fungi were prepared separately in the appropriate medium. Conidia (1 10 4 con-0 4 conidia ml
¡1
) were used immediately for the nongerminated conidial assays whereas more concentrated suspensions (1 10 5 conidia ml 
C. albicans
The effect of CAY-1 on C. albicans ATCC 90028 (American Type Culture Collection, Manassas, VA, USA) growth was determined by a modi cation of the NCCLS (National Committee for Clinical Laboratory Standards, Wayne, PA, USA) method for yeasts [5] . A stock solution of CAY-1 was prepared by dissolving the saponin in dimethyl sulfoxide (DMSO) to a concentration of 2 5 m M. For testing purposes, the stock solution was further diluted to 1:100 in RPMI 1640 medium with glutamine but without sodium bicarbonate and buffered with 0 165 M MOPS to a pH of 7 0 (Gibco BRL, Grand Island, NY, USA) plus fungal cells. Serial 1:2 dilutions of CAY-1 were tested over a range from 0 01 to 25 0 m M. The assay was repeated in duplicate. Wells were inoculated with 1 10 4 cells ml
¡1
. Negative controls contained no CAY-1. Although the NCCLS protocol calls for determining the minimum inhibitory concentration (MIC) of the drug by visual estimation of turbidity, we determined the IC 50 (concentration which inhibits growth by at least 50%) and IC 90 (concentration which inhibits growth by at least 90%) by examining each well microscopically.
P. carinii
The CAY-1 effect on P. carinii viability was determined as described previously [6] . Brie y, P. carinii (standard density: 10 8 cells ml
¡1
) was added to 24-well plates containing 1-2 ml of RPMI-1640 supplemented with 20% fetal bovine serum (FBS), vitamins, minerals and other additives [6] . CAY-1, at nal concentrations of 3 2, 6 3, 12 5, 25 0, 50 0 and 100 m g ml ¡1 (2 6, 5 2, 10 1, 20 2, 40 3 and 80 6 m M) was then added to the wells. The positive control was pentamidine (Pentam 300, Pharmaceutical Partners, Inc., Los Angeles, CA, USA), whereas the negative control was ampicillin (Sigma, St. Louis, MO, USA). They were also measured for activity against P. carinii in this system for comparison with CAY-1. Final concentrations were 1 0 and 10 0 m g ml ¡1 (2 9 and 29 m M, respectively) for pentamidine and 10 0 m g ml
(29 m M) for ampicillin. Controls with P. carinii only were also run. Each drug was evaluated at least twice with different P. carinii preparations. At 24, 48 and 72 h the effect of CAY-1, pentamidine and ampicillin on P. carinii viability was determined by an ATP-driven bioluminescence reaction assay. This assay measures the amount of bioluminescence produced by a luciferin (Labsystems, Helsinki, Finland)-luciferase (Labsystems) enzyme-substrate system driven by intracellular ATP. The amount of light produced is directly related to the amount of intracellular ATP available, which, in turn, is dependent on the number of living cells present. Light measurement was performed with an Autolumat LB 953 (PerkinElmer Wallac, Inc., Gaithersburg, MD, USA).
Time course study
The effects of CAY-1 exposure in relation to time and concentration on germinating conidia of A. avus were determined in 1% PDB. Bioassays were performed twice as described earlier for the lamentous fungi (nˆ8 per time period). 
Statistical analyses
Comparisons between groups for nonparametric data were performed by ANOVA with Bonferroni's correction for multiple comparison. All P-values were two-sided and P < 0 05 was considered to be signi cant.
Mammalian cytotoxicity assays
HeLa cells
Human epithelioid cervical carcinoma cells (ATCC2 2CCL) were grown in minimal essential medium (MEM, Mediatech, Herndon, VA, USA), supplemented with FBS and penicillin [4] . The cells were rinsed with PBS and harvested using trypsin. Cell count was determined manually using trypan blue, and cells were diluted to a nal concentration of 2 5 10 5 cfu ml
¡1
. Aliquots of 100 m l were dispensed per well into a 96-well plate. Cells were incubated overnight (18-24 h) at 37 o C in a humidi ed 5% (v/v) CO 2 environment. Neutral red dye solution was then added to each well and the cultures re-incubated for 3 h. Twofold serial dilutions of CAY-1 were prepared and aliquoted to nal concentrations of 5, 10, 20, 30 and 60 m M. Negative controls without CAY-1 were included. Cells were exposed to CAY-1 for 1 h. Supernatants from each well were transferred into another 96-well plate. The remaining cells were lysed using a 2% (v/v) Triton (Sigma) solution. Glacial acetic acid was then added to supernatant and lysate wells which were read in a Titertek Multiscan spectrophotometer (Model MCC/340, Labsystems, Helsinki, Sweden) at 540 nm.
A549 lung carcinoma cells
The effect of CAY-1 (0 0, 0 8, 8 0, 80 0 m M) on the viability of A549 lung carcinoma cells was tested by exposing the cells for 24, 48 and 72 h. Antimycin A CAY-1, a fungicidal saponin (100 0 m g ml ¡1 ; Sigma) was used as a positive control.
Viability was assessed by measurement of the ATP content in duplicate wells with luciferin-luciferase monitoring reagent as previously described [6] .
Results
Identi®cation of CAY-1
CAY-1 had no UV absorption but its presence in extracts was monitored by MS. CAY-1 (C 57 H 94 O 29 ) was determined by MS 5th and NMR to be a steroidal saponin with a molecular weight of 1243 35 (Fig. 1) . A galactose and four glucose molecules were linked at the 3 position of the sterol.
Bioassays
Filamentous fungi (germinating conidia)
CAY-1 was fungicidal for the germinating conidia of the tested Aspergillus species. The degree of lethality was species dependent. CAY-1 was lethal to A. avus in both 1% PDB (Pˆ0 0026) and RPMI-1640 (Pˆ0 0187) at 7 5 m M (9 3 m g ml
¡1
) in both media (Fig. 2a) 
).
A. fumigatus (Fig. 2b) , was required in RPMI-1640 to achieve a signi cant reduction of viability (Pˆ0 0002).
A. parasiticus was only slightly more resistant than A. avus and A. fumigatus to CAY-1 (Fig. 2c) . CAY-1 signi cantly reduced the viability of the germinating conidia of A. parasiticus in 1% PDB at 5 m M (6 2 m g ml ) of CAY-1 in RPMI-1640, whereas a 85% viability reduction was obtained in 1% PDB at the same concentration.
The effect of media was most prominent in the assays with A. niger (Fig. 2d) . CAY-1 was only lethal to the germinating conidia of A. niger in 1% PDB. No effect was observed in RPMI-1640. Signi cant lethality was obtained at 5 0 m M in 1% PDB (6 2 m g ml . In contrast to results with germinating conidia, the viability of the nongerminated conidia of the tested lamentous fungi was not affected by CAY-1 in either test medium. CAY-1 was also not active against the nongerminated or germinating conidia of F. oxysporum (data not shown).
C. albicans
CAY-1 inhibited the growth of C. albicans. The IC 50 and IC 90 were determined to be 3 1 m M (3 8 m g ml
¡1
) and 6 2 m M (7 7 m g ml ¡1 ), respectively.
P. carinii
CAY-1 was lethal to P. carinii beginning at 5 m M (Fig. 3) . Beginning on day 2, CAY-1 at 12 5 m g ml , respectively) showed ef cacy equal to or greater than that of pentamidine (10 m g ml
¡1
; 29 m M) by day 2 and 3.
Time course study CAY-1 activity showed dose and time dependency against the germinating conidia of A. avus (Fig. 4) . By 5 min post-incubation signi cant lethality was observed at concentrations as low as 7 5 m M (9 3 m g ml 
Bacterial bioassay
CAY-1 did not have any effect on the bacteria tested (data not shown).
Mammalian cytotoxicity
HeLa cells
CAY-1 demonstrated no cytotoxicity against HeLa cells until concentrations of 30 m M (37 2 m g ml ¡1 ) were attained (Fig. 5) . Approximately, 13% and 32% of the HeLa cells were damaged at 30 m M (37 2 m g ml 
A549 lung carcinoma cells
There was no toxicity for A549 cells at 10 m g ml ¡1 (8 1 m M) of CAY-1 through day 3. The highest dose, 100 m g ml ¡1 (80 6 m M), was nonetheless highly lethal for the lung cells (Fig. 6 ).
Discussion
The potential for higher plants as a source of antifungal compounds is largely unexplored [8, 9] . Only a very small percentage of the estimated 250 000-500 000 existing plant species has been studied for biological or pharmacological properties [8] . The plant compounds studied to date for such properties included the saponins, which are glycosides consisting of one or more sugars linked to a steroid or triterpene core. They are noted for their detergent properties and some have been found to be microbicidal. Some are antiviral [10] [11] [12] and seem to inhibit viral DNA and capsid protein syntheses [12] .
Others have antifungal properties. For example, extracts of Eriocephalus africanus L., Felicia erigeroides DC and Helichrysum crispum (L.) D. Don, inhibited C. albicans growth [13] . Saponins from the tubers of Cyclamen coum Miller inhibited the growth of several Candida species and Cryptococcus neoformans [14] . Triterpenoid saponins have been shown to exhibit a wide spectrum of activity against yeasts as well as the dermatophytes Trichophyton rubrum and T. mentagrophytes [15] . Recently, a jujubogenin saponin isolated from Colubrina retusa, (Pittier) a rhamnaceous plant growing in Venezuela [16] , was shown to be active against C. albicans, C. neoformans and A. fumigatus (MICs 50 m g ml
¡1
)
.
CAY-1, a fungicidal saponin
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Medical Mycology, 40, 131-137 The detergent properties of the saponins may be the reason for their antifungal nature. For example, medicagenic acid, an antimycotic saponin from alfalfa root, caused lethal leakage of ions out of yeast cells [17] . Saponins from the defatted cake of Madhuca butyracea oil seed caused leakage of fungal cell components [18] . The antimicrobial properties of saponins are believed to reside in the aglycone moieties [19] . The activity of saponins are similar to a number of antifungal compounds which cause lysis [20] . For example, the detergent-like mechanism of action of saponins is similar to that of amphotericin B.
The concentration-dependent effect of CAY-1 in the time kill assay in Figure 4 is similar to that observed for amphotericin B. That the percentage killed is increased by nearly 100-fold over a vefold concentration increase is encouraging. This study showed CAY-1 effective in vitro against the germinating conidia of several pathogenic Aspergillus species between 3 0 and 20 0 m M (3 7 and 24 8 m g ml
¡1
). It is also effective against C. albicans at 6 2 m M (5 0 m g ml
). Importantly, CAY-1 is not lethal to the mammalian cells tested at the concentrations shown effective against the aforementioned fungi. The time course study indicated CAY-1 rapidly reduces fungal viability at a dose dependent rate. ). This data indicates that CAY-1 is as effective as pentamidine on a molar basis against this pathogen.
Results showed that the fungicidal properties of CAY-1 were affected by the media used in the bioassays in all Aspergillus species except A. avus. Our ndings support the suggestions of Ernst et al. [21, 22] that the currently used endpoint MIC in RPMI-1640 may underestimate antifungal activity and that alternative media should be used for more accurate results. Bioassays with A. fumigatus (Fig. 2b) and A. niger (Fig. 2d) showed uctuations in the nongerminated conidial populations. These uctuations were probably due to variations in the conidial viable counts between the different bioassay runs.
CAY-1 is a steroidal saponin with potent fungicidal properties against a number of fungal pathogens and with minimal or no effect on tested mammalian cell lines at effective fungicidal concentrations. It is possible that this saponin will be found in other plants, especially the entire genus Capsicum, because a saponin with the same structure was recently reported in C. annuum (paprika) seeds [23] . The ndings in this study warrant further investigation of the potential in vivo antifungal activity of CAY-1.
